The reactions of water with a number of iridium(III) complexes relevant to the mechanism for catalytic methanol carbonylation are reported. for methane formation not involving the intermediacy of H 2 is also suggested. A mechanism is proposed for the conversion MeOH + CO → CO 2 + CH 4 , which may account for the similar rates of formation of the two gaseous by-products during iridium-catalysed methanol carbonylation.
Introduction
The carbonylation of methanol to acetic acid represents one of the most successful industrial scale applications of organometallic catalysis by transition metal complexes and has been primarily achieved using group 9 metals in combination with iodide co-catalysts. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] After the initial introduction by BASF of a cobalt-based process, higher activity and selectivity under milder conditions was identified by Monsanto for rhodium and iridium-based catalysts. 13 The rhodium/iodide catalysed process was commercialised by Monsanto and has been operated, along with related variants, for more than 40 years. In 1995, BP Chemicals commercialised a promoted iridium/ iodide catalysed methanol carbonylation process, Cativa™, which now operates at a number of sites worldwide. 14, 15 The
Cativa™ process has a number of benefits compared to the rhodium-based process, including high activity and catalyst stability at low water concentrations. The iridium-based catalyst also gives reduced levels of liquid by-products and improved yield based on CO. For both the rhodium-and iridium-based processes, however, a significant side reaction is the water-gas-shift (WGS) reaction (eqn (1)). 1, 16 A mechanism proposed by
The hydrogen that is formed in the WGS reaction can participate in other side reactions such as methane formation via the formal hydrogenolysis of methanol (eqn (2) ). When coupled with the WGS reaction this results in the net conversion of methanol and CO into methane and CO 2 (eqn (3)). 18 Data reported previously show that CO 2 and CH 4 are formed at comparable rates (ca. 1% of the carbonylation rate) during Rupromoted Ir-catalysed methanol carbonylation. 14 MeOH þ H 2 ! CH 4 þ H 2 O ð2Þ
We have shown previously that methane can be formed from the iridium methyl complex, [Ir(CO) 2 14, 17, 20 its reactions with H 2 (from the WGS reaction) or acetic acid (the major component of the reaction medium) can be considered plausible pathways for the formation of methane during catalytic carbonylation. In this paper we present results that suggest an alternative mechanism for formation of methane and CO 2 from iridium species that participate in the carbonylation cycle. These reactions involve nucleophilic attack by water on a carbonyl ligand of an iridium methyl or acetyl complex, and occur without the intermediacy of H 2 .
Results and discussion
Reactivity of [Ir(CO) 2 I 3 (COMe)] − with water
Mechanistic cycles for iridium-catalysed methanol carbonylation generally depict the Ir(III) acetyl complex [Ir(CO) 2 I 3 -(COMe)] − reacting with water to eliminate acetic acid (eqn (6)), either directly or via initial reductive elimination of acetyl iodide and subsequent hydrolysis.
The initial intention of the present study was to investigate the kinetics of this product-forming step of the carbonylation cycle. The isolation and structural characterization of both cis,fac and trans,mer isomers of [Ir(CO) 2 I 3 (COMe)]
− have been reported previously. [20] [21] [22] [23] When the reaction of the cis,fac isomer with water was monitored spectroscopically under mild conditions (MeCN, 42°C) an unexpected outcome resulted. In a typical series of IR spectra (Fig. 1) . In principle, nucleophilic attack by water on a CO ligand could occur either before or after the decarbonylation step. We therefore undertook isotopic labeling experiments to elucidate the mechanism further. We first sought to prove the participation of added water in the formation of CO 2 using ca. 10% 18 O enriched water. The experiment was performed using THF as solvent to avoid interference from the strong solvent ν(CN) absorption encountered with acetonitrile. A spectrum recorded during 
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for this isomer was found to be marginally slower than the cis, fac complex under the same conditions. Since the observed reaction products implicate loss of an iodide ligand, we tested the effect of iodide salt on the rate. Addition of Bu 4 NI caused a modest promotional effect (e.g. by a factor of ca. 2 at 0.15 M Bu 4 NI). The results are therefore consistent with a direct nucleophilic attack by water on a CO ligand of the anionic reactant complex, since a mechanism involving initial iodide dissociation would result in rate inhibition by iodide salt.
Reactivity of other anionic Ir(III) complexes
In situ IR spectroscopy has identified [Ir(CO) 2 , although the maximum possible yield of this dicarbonyl is 50% in the absence of added CO (assuming conversion of one CO ligand per reactant complex to CO 2 ). The reactions shown in eqn (8) and (9) include a non-carbonyl iridium(I) side-product,
− " to account for this. In the presence of added CO this would be expected to be converted into [Ir(CO) 2 I 2 ] − .
The reactions with water observed for the series of complexes [Ir(CO) 2 This neutral species undergoes migratory CO insertion much more readily than the anion, explaining the promotional effect on the carbonylation process of certain species that bind iodide. 20 In the present investigation, high pressure IR spectroscopy was used to probe the reactivity of [Ir(CO) 3 
Kinetic data were obtained by analyzing the exponential decay of the high frequency ν(CO) band of [Ir(CO) 3 The proposed cycle shown in Scheme 4 provides a mechanism for combined CO 2 /CH 4 formation (eqn (3)) without the intermediacy of H 2 that would be generated by a conventional WGS reaction. Analogous cycles can be drawn in which water reacts with any of the Ir(III) methyl or acetyl complexes that participate in the methanol carbonylation mechanism. Indeed, under a high pressure of CO, the reaction of [Ir(CO) 2 I 3 Me] − with water shown in Scheme 4 might actually involve initial substitution of an iodide ligand by CO to give the more electrophilic neutral tricarbonyl, [Ir(CO) 3 I 2 Me]. Likewise, CO 2 formation could occur from an acetyl species (as shown in Scheme 3) after migratory CO insertion has occurred. Previously reported data from a pilot plant unit operating under steady state conditions show that the rates of CO 2 and methane formation are very similar in Ir/Ru catalysed reactions, at ca. 1% of the carbonylation rate.
14 The close correspondence of CO 2 and CH 4 formation rates is consistent with a mechanism such as that shown in Scheme 4.
Since our results indicate that these CO 2 -forming reactions occur readily under mild conditions, an obvious question is why high selectivity to acetic acid is achieved in iridium-catalysed methanol carbonylation. The formation of CO 2 and CH 4 (eqn (3)) is favored thermodynamically with respect to acetic acid (ΔG 298 = −57.7 kJ mol −1 for MeCO 2 H → CH 4 + CO 2 ) 36 so the selectivity is governed by kinetic considerations. Under process conditions, the key steps that facilitate turnover in the carbonylation cycle must compete effectively with the CO 2 -forming reactions. Hence, the rates of migratory CO insertion (for Ir-methyl species) and elimination of acetyl iodide/acetic acid (for Ir-acetyl species) must exceed that of nucleophilic attack by water on coordinated CO. The different conditions used for the model reactions reported here and the catalytic process are presumably crucial in determining the outcomes. For two competing reactions, the one with lower activation energy will dominate at lower temperature but the Arrhenius relationship shows that the rate of a reaction with higher activation energy will increase more as the temperature is raised, and so it can become dominant at higher temperature. Since the temperature difference between the catalytic and model reactions here is ∼150°C, the relative reaction rates can be expected to be markedly different in the two systems. The reaction medium may also be important. In particular, the catalytic process operates under acidic conditions (MeCO 2 H-HI-H 2 O) that will influence the behaviour of hydroxycarbonyl species. Under acidic conditions, hydroxycarbonyl complexes are known to undergo dehydroxylation to reform a terminal carbonyl ligand whereas decarboxylation is often promoted by basic conditions. 28, 31, 33, 37, 38 Hence, CO 2 forming reactions may be inhibited in the reaction medium used for catalytic carbonylation. 
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The overall rate of CO 2 formation will result from a combination of the possible pathways and our data do not demonstrate whether one particular iridium species is the principal source of CO 2 . However, the neutral tricarbonyl, [IrMe(CO) 3 I 2 ] has been shown to be particularly reactive towards water and is also thought to be the dominant species in which migratory CO insertion occurs. Therefore it may be speculated that these two reactions of [IrMe(CO) 3 I 2 ] form a branching point in the mechanisms of acetic acid and CO 2 /CH 4 formation and therefore determine selectivity. Analogous reactions of iridium acetyl species might also be responsible for the formation of other by-products like acetaldehyde, a precursor (via hydrogenation and carbonylation steps) to propionic acid that is reported to be present at levels of 290-1150 ppm in the acetic acid product in pilot plant studies. 14 The observed reactions provide an alternative mechanism for methane formation in addition to the protonolysis and hydrogenolysis of iridium methyl complexes for which evidence has been presented previously. The new mechanism is closely related to that of the WGS reaction but does not involve the intermediacy of H 2 . It is likely that the gaseous by-products arise from multiple pathways during catalytic carbonylation and the relative contributions of the different routes likely depends on the process conditions employed. Nonetheless, the results presented in this paper provide further mechanistic insight into an important industrial process.
Experimental
Solvents were purified by distillation or using a column purification system. Methyl iodide (Sigma-Aldrich) was distilled over calcium hydride and stored at 5°C in a foil-wrapped Schlenk tube under nitrogen and over mercury. Solution-phase infrared spectra were recorded on a Mattson Genesis FTIR spectrometer controlled by WinFirst software using a CaF 2 liquid cell (0.5 mm pathlength). For kinetic experiments, the cell was maintained at the desired temperature by use of a thermostatted water jacket and circulating water bath. In a typical experiment, a solution of water at the appropriate concentration in MeCN or THF was prepared in a 5 cm 3 graduated flask. A portion of this solution was transferred to the IR cell to record a background spectrum. The reaction was then initiated by dissolving the iridium compound (ca. 5 mg) in 1 cm 3 of the water-containing solution.
After thorough mixing, a portion of the resulting solution was transferred to fill the pre-equilibrated IR cell. IR spectra were recorded at programmed time-intervals under computer control. Absorbance vs. time data were extracted for analysis using Kaleidagraph curve-fitting software. Observed rate constants are tabulated in the ESI. ‡ Reactions of [Ir(CO) 3 I 2 Me] with water were monitored under CO pressure using a cylindrical internal reflectance (CIR) cell comprising an autoclave (Parr) modified (by SpectraTech) to accommodate a crystalline silicon CIR rod as described by Moser. 40, 41 Spectra were recorded using a Perkin-Elmer 1710 
